ABSTRACT: Controlled integration of features that enhance the analytical performance of a sensor chip is a challenging task in the development of paper sensors. A critical issue in the fabrication of low-cost biosensor chips is the activation of the device surface in a reliable and controllable manner compatible with large-scale production. Here, we report stable, welladherent, and repeatable site-selective deposition of bioreactive amine functionalities and biorepellant polyethylene glycol-like (PEG) functionalities on paper sensors by aerosol-assisted, atmospheric-pressure, plasma-enhanced chemical vapor deposition. This approach requires only 20 s of deposition time, compared to previous reports on cellulose functionalization, which takes hours. A detailed analysis of the near-edge X-ray absorption fine structure (NEXAFS) and its sensitivity to the local electronic structure of the carbon and nitrogen functionalities. σ*, π*, and Rydberg transitions in C and N K-edges are presented. Application of the plasma-processed paper sensors in DNA detection is also demonstrated.
■ INTRODUCTION
Paper-based sensors are the most recent development in lowcost point-of-care diagnostics. 1 The need for deoxyribonucleic acid (DNA) detection is growing rapidly, because of its application in a wide range of fields including DNA diagnostics, forensic detection, and biothreat detection. 2 DNA detection, using cellulose paper as the substrate, has recently gained much attention. 3−6 Functionalization of cellulose fibers and incorporation of signal amplification elements are key aspects of paper sensor fabrication. Surface functionalization of bioreactive organic chemical groups is essential for covalently immobilizing the bioreceptor molecules to the sensor surface, and biorepellent organic functionalities are essential to reduce the nonspecific binding. Reduced nonspecific binding is critical to prevent analyte loss through nonspecific binding in the flow channels before it arrives at the detection site and also to prevent binding of nonanalyte constituents at the detection site. Cellulose fiber functionalization for DNA detection is typically performed via liquid-phase processing. 5, 6 Su et al. demonstrated covalent binding of aptamers, 7 and Sharma et al. used functionalization with a photoreactive compound, followed by ultraviolet (UV) activation. 8 Aied et al. demonstrated nanogram-range detection of nucleic acids on cellulose paper using a surface-grown cationic polymer. 9, 10 The strategies used thus far in the literature require multiple processing steps, preprocessing prior to the actual functionalization and a time-consuming drying step, all together requiring two to several hours. To the best of our knowledge, industrially friendly and highthroughput gas-phase functionalization of cellulose for any application has not been reported. In this work, we demonstrate a low-cost, rapid functionalization process that requires only 20 s, which can be scaled easily for parallel as well as batch high-throughput processing.
Amine functionalization is a well-known surface chemical modification for covalent immobilization of bioreceptor molecules. Poly(ethylene glycol) (PEG)-based coatings are widely used for reducing nonspecific binding. Low-pressure, vacuum-chamber-based, plasma deposition of bioreactive amine and biorepellant PEG has been demonstrated by several groups. 11, 12 The drawback with using low-pressure plasma deposition in fabricating paper sensors is that the entire sensor surface will be coated and site-selective deposition is not possible without a vacuum seal mask, which increases both the complexity and the production cost. The development of atmospheric-pressure microplasmas has revolutionized the plasma processing technology in recent years. 13 In the present work, we have deposited the bioreactive and biofouling coatings site selectively on cellulose fibers, using a maskless, atmospheric-pressure plasma jet. The bioreactive amine functional group was deposited using amino propyl triethoxysilane (APTES), and the biorepellant PEG was deposited using diethylene glycol dimethyl ether.
Metal nanostructures in a dielectric medium have been widely used as signal transduction element; examples include label-free localized surface plasmon resonance-based detection, because of its sensitivity to local changes in dielectric environment, and also as a signal amplification element in fluorescence-based detection through metal-enhanced fluorescence.
14 Incorporation of gold nanoparticles in the sensor chip offers several advantages, such as signal amplification and/or signal transduction. Several groups have demonstrated the application of gold-nanorod-incorporated plasmonic paper sensor for label-free diagnostics. 14, 15 Gold nanostructures have also been used in fluorescence-based labeled detection for signal amplification through surface plasmon-coupled emission. 16 Here, we demonstrate incorporation of metal nanostructures on paper substrates using a high-throughput aerosol-assisted atmospheric-pressure plasma process. Gold nanoparticles were deposited by aerosolizing the gold colloid and introducing the aerosol into the plasma jet. 17 Development of multifunctional paper platforms combining the above functionalities would typically require several sequential processing steps using different tools for each processing step; no single tool is available to perform most of the functions required in the fabrication of the sensor. In this work, we report site-selective plasma functionalization of bioreactive and biorepellant groups on cellulose fibers and also incorporate metal nanoparticles: all are steps using just one single tool. Since the immobilization efficiency and the device performance are dependent on the chemical constituent and the surface properties, X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) techniques were used for a detailed surface chemical analysis. In particular, we paid special attention to the application of near-edge X-ray absorption fine structure (NEXAFS) to elucidate the chemical species and electronic structure and to unambiguously identify the level of unsaturation in the plasma-polymerized films.
■ EXPERIMENTAL SECTION
Paper Sensor Fabrication. Our plasma system consists of a glass tube with an outer diameter of 5 mm, and two copper tapes separated by 20 mm are wound over the glass tube to form concentric outer electrodes (see Figure 1 , presented later in this work, for a schematic of the setup). Helium is used as a plasma gas source, and a high voltage that is applied between the electrodes causes the gas to break down within the central core of the glass capillary, generating plasma at atmospheric pressure. Nanostructure colloids and the organic precursors are placed in a glass container with an inlet and outlet for carrier gas and are seated on an ultrasonic nebulizer. There is also an additional gas input line to facilitate ignition, as well as to focus the spot size. Helium is also flown into the nebulizer via a gas input line. The aerosol is then carried into the plasma stream by the carrier gas and deposited onto the substrate. The spot size can be altered by altering the print head nozzle diameter. Bioreactive amine functional group is deposited using APTES and the biorepellant PEG is deposited using diethylene glycol dimethyl ether. Both precursors are individually aerosolised to the plasma jet and directed toward the surface to be coated.
Whatman cellulose filter paper samples were used here for functionalization and DNA hybridization. Both unpatterned filter paper and a wax patterned filter paper were functionalized. Wax patterned paper containing hydrophobic and hydrophilic regions were prepared based on information from previous reports. 18, 19 Amine and PEG-like functionalization was performed on the exposed paper region.
Characterization. Fourier transform infrared (FTIR) spectroscopic measurements were carried out using a Perkin− Elmer Mode Spectrum GX FTIR system. Single-side polished silicon wafers were used as substrates for the transmission mode measurement. An untreated silicon substrate was used as a background substrate, and all measurements were an average of 250 scans. Scanning electron microscopy (SEM) imaging was performed using an SEM microscope system (Model S4800, Hitachi, Pleasanton, CA). As-deposited paper samples were used for imaging without any additional charge neutralizing metal coating.
The C 1s and N 1s NEXAFS and XPS measurements were performed on beamline 8-2 (bending magnet end station, spherical grating monochromator) at the Stanford Synchrotron Radiation Lightsource (SSRL). 20 A gold grid in the beam path upstream of the chamber was used for normalization of the incoming flux. The samples were mounted on an aluminum stick with carbon tape and all the measurements were done under UHV conditions (<1 × 10 −8 Torr) in a generic XAS/ XPS chamber. The energy was calibrated at the carbon dip (284.7 eV) and the second order Ni 2p edge of NiO, mounted on a reference sample upstream of the chamber. The drain current from the isolated aluminum stick was used for total electron yield (TEY). All NEXAFS spectra were divided by the incoming flux measured by the gold grid, and normalized 20− 30 eV above the ionization potential. A double-pass cylindrical mirror analyzer was used for the photoelectron spectroscopy measurements. The beamline slits and the pass energy of the analyzer were set for a total energy resolution below 0.7 eV for the XPS measurements and below 0.3 eV for the NEXAFS measurements. All measurements were performed at the magic angle (∼55°incidence), and the spectrometer detected electrons emitted along the e-vector of the incoming radiation (90°, with respect to the incoming light in the horizontal plane).
Bioassay. DNA hybridization assays were carried out on plasma-coated cellulose acetate filter paper substrates. Three samples were used: amine-functionalized paper, gold-nanoparticle-coated paper, and untreated paper. For the DNA hybridization, the ssDNA containing amine functionalities in one end and Cy3 fluorophore on another end was used as the primary ligand, and the complementary DNA containing Cy5 fluorophore was used to detect the DNA hybridization. The oligos were purchased from Eurofins. The sequence for the probe ssDNA is 5′-Cy3
, and the sequence for the target DNA is 5′-[Cy5]AAAAAAA···ACCCAGGTTCTCT-3′. For covalent immobilization of the amine-terminated oligos to amine-functionalized paper, a 2.5% glutaraldehyde cross-linker was used. Further DNA hybridization was carried out after dropcasting the complementary DNA. The probe concentration was 10 μM, and the target concentration was varied from 10 μM down to 10 nM. On the gold-nanoparticlecontaining paper, the binding of amine-terminated probe oligos is through the affinity between gold−amine functionalities. The complementary DNA was dropcast directly onto the aminefunctionalized paper and PEG-functionalized paper to study the nonspecific binding, and an untreated paper was used as control. An Affymetrix 428 array fluorescence scanner with Jaguar software (version 2.0) was used for fluorescence measurement (at a gain setting of 30). Fluorescence measure-ments were carried out both after immobilization of the ligand oligos and DNA hybridization. The fluorescence intensity was calculated using the ImageJ software. The probe DNA with Cy3 was immobilized without using any cross-linkers to study goldfunctionalized paper and the fluorescence imaging was performed in a Zeiss fluorescence microscope. Absorption and emission of the Cy3 fluorophore in primary ssDNA are at 550 and 570 nm. Absorption and emission of the Cy5 fluorophore in target DNA are observed at 649 and 670 nm.
■ RESULTS AND DISCUSSION
The schematic of the atmospheric plasma deposition system is shown in Figure 1a , and the photograph of the plasma discharge is shown in Figure 1b . In the aerosol-assisted plasma deposition process, an aerosol carrying at least one of the desired substances for deposition is introduced into a cold plasma jet operating at atmospheric pressure. The process uses a combination of low-temperature atmospheric-pressure plasma and the aerosol containing the material to be deposited. A plasma-polymerized film is formed when the aerosolized precursor material interacts with the plasma. The role of the atmospheric-pressure plasma is to activate the material present in the aerosol for deposition on the surface and to enhance the adhesion of the material on the surface; in addition, the plasma can facilitate nonaggregated deposition in the case of metal nanostructure/microstructure formation and plasma polymerization in the case of organic coating deposition through the formation of reactive radicals and ions as the aerosol enters the plasma jet. Helium is used as the primary gas source 21 for igniting and sustaining the plasma.
Surface amination of polymer substrates by plasma-enhanced chemical vapor deposition (PECVD) is routinely carried out using allylamine, ammonia, and nitrogen/hydrogen gases. 22, 23 In low-pressure PECVD, APTES has an advantage over alkyl amine in determining the extent of amination and adhesion strength to surfaces upon rigorous washing. 12 The role of siloxane in anchoring to the plastic and metal surfaces for further plasma functionalization and cross-linking has been established previously. 24, 25 We carried out the amine functionalization using APTES as the precursor material, since the adhesion of the functionalized coating to the cellulose fibers is critical for repeatable and reproducible bioassay performance. The schematic for binding of APTES to cellulose is shown in Figure 1c . The deposition time was fixed at 20 s, and no systematic variation was performed to study the effect of deposition time on surface functionalization and DNA hybridization. The objective here is to reduce the deposition time as much as possible from current practice in the literature, which ranges in hours. There was significant binding, even within 20 s; hence, longer durations were not attempted. The deposition rate generally varies from substrate to substrate. The measurement of film thickness on cellulose is challenging and, hence, has not been undertaken. However, the surface functionalization of paper sensors is confirmed here via detailed X-ray spectroscopic analysis of untreated and plasma-treated cellulose. Figure 2 shows two types of cellulose paper samples used for functionalization and DNA hybridization. Figure 2a shows the paper patterned using wax printing. Amine and PEG-like functionalization were performed on the exposed paper region. Photograph of cellulose paper whose right half is coated with amine functionality and the left half is untreated. In the untreated region, the water droplet spreads due to high surface tension. In the amine-functionalized region, the water droplet maintains a higher contact angle. (c) Schematic of randomly oriented plasma polymerized film bonded through the hydroxyl group of the cellulose fiber. Figure 2b shows the paper whose right half is coated with amine functionality and the left half left untreated. A water droplet was placed on both regions and an optical photograph was taken. The water spreads immediately in the untreated region. The amine-functionalized region shows hydrophobic behavior and the water droplet forms a higher contact angle with the surface (Figure 2b, right half) ; the droplet then slowly wicks through the surroundings as time passes.
A stable amino functionalization of cellulose can be formed through the siloxane functionality in the amino silane precursor. The plasma containing a silane/siloxane precursor is known to create highly reactive radicals and ions through fragmentation of the precursor. 26 We hypothesize that the interaction of highly reactive Si-and SiO-based radicals with OH and C−O functionalities in the cellulose resulted in surface amination of the paper fibers. Bierbaum et al., in their angle-dependent NEXAFS measurement on self-assembled amino silane monolayers, observed that the films have no defined orientation of the molecules. 27 Based on this, we assume that our plasma polymer layers are also randomly polymerized on the surface and do not exhibit any defined orientational order. Figure 2b shows a hypothesized structure of the randomly oriented functionalized molecules.
Characterization Results. . 28 The peak at 1630 corresponds to N−H bending vibration of free amine and the peak at 1585 cm −1 corresponds to N−H bending vibration of amine group, which is hydrogen-bonded either to hydroxyl groups in silanol in the bulk of the film or to cellulose at the interface. 29 The region between 3000 cm −1 and 3500 cm −1 displays a broad, asymmetric peak shape that indicates multiple components. The OH stretching mode of the associated silanol group is ∼3350 cm −1 . 30 The multiple bands between 2883 cm −1 and 2976 cm −1 correspond to the stretching vibrations of O−CH x groups and CH x groups deposited from the ethoxy component of the precursor. We also associate 2970 cm −1 with CH 3 asymmetric stretching, 2926 cm −1 with CH 2 asymmetric stretching, 2886 cm −1 with CH 2 symmetric stretching, and 1390 cm −1 with CH 3 symmetric deformation. 31 The intense, multiple peaks at 1078, 1112, and 1182 cm −1 correspond to Si− O−Si vibration and Si−O−C that are present both in the bulk of the coating and at the cellulose interface. 32 The IR absorption bands of amine and hydrocarbon-related functionalities are similar to that of the alkyl amine functionalities, except for the additional siloxane peaks arising from the silane precursor. 33 The C 1s core-level photoemission spectra of the untreated paper sample and amine-functionalized paper are presented in Figure 3b . Both the spectra show very clear and distinct carbon bonding environments. The untreated paper shows three photoemission peaks centered at 284.3, 286.8, and 288.5 eV, attributed to unsaturated carbon, C−O, and O−C−O bonding, respectively. For the amine-functionalized paper samples, we observe photoemission peaks at 285.2 eV (C−C bond), 287.2 eV (CN bonding in imine), 288.2 eV (CO in amide), and a shoulder at 286.2 eV (C−N). 34, 35 The photoemission spectra corresponding to various carbon bonding environments exhibit behavior similar to that of low-pressure plasma-polymerized amine functionalization.
12, 36 The presence of oxygen in the amino silane precursor could have contributed to the formation of amide bonds. The confirmation of C−N bonding environment that corresponds to primary amine is essential as the primary amine molecules are used for covalent immobilization of the bioreceptor molecules to the paper sensor. XAS (NEXAFS) was used to probe the local bonding environments. Apart from its elemental specificity, XAS is particularly sensitive to the local electronic structure, including angular anisotropy in molecular orientation, bond length, oxidation state, and symmetry, as well as spin. 37, 38 When tuning an X-ray source (synchrotron) to match a core-level ionization potential, absorption of a photon can transition a core-level electron into unoccupied bound or continuum states. In particular, before the ionization potential, excitation to lowlying unoccupied molecular orbitals occurs, which are typically π* antibonding orbitals and mixed Rydberg/valence states. Transition to σ* antibonding orbitals is seen above the ionization edge threshold at higher photon energies. XAS displays similar element specificity and local character as XPS (participation of core-hole), but with increased sensitivity to chemical environment through the unoccupied states. Figure 3c shows the C 1s XAS spectrum of untreated paper and amine-functionalized paper taken at 54°relative to the surface, showing the unoccupied π* and σ* bands at 284−286 eV and 289−311 eV, respectively. 39, 40 For untreated paper, an intense peak at 285.9 eV and a slight shoulder at 284.8 eV are observed in the π* region, whereas the σ* region displays a broad asymmetric peak centered at ∼309 eV and a broad shoulder at 304 eV. Following published works on unsaturated alcohols and carboxylic acids 40, 41 in particular, unsaturated propargyl alcohol, 41 propiolic acid, 40 and ethyne 42 we associate CC bonds with the 285.9 eV (π*) and 309 eV (σ*) resonances, and we associate CC bonds with the 284.8 eV (π*) and 304 eV (σ*) resonances. The resonance at 293.5 eV is attributed to σ* transition of single bonded oxygen, based on Outka et al. 41 and Sette et al. 42 as hydroxyl groups form a major component of the cellulose network.
The C 1s NEXAFS spectra of amino-functionalized paper exhibit four intense peaks and a shoulder. We note the absence of σ* transitions at 304 and 309 eV and the reduction of intensity near 285 eV, demonstrating that the majority of unsaturated C bonds have changed their chemical environment through amine functionalization. The nitrogen functionalization can be observed at 286 eV (assigned to CN π* transition) and above 289 eV (assigned to C−N σ*). 43, 44 This assignment is in agreement with the transition from unsaturated carbon to CN x in XPS. The shoulder around 287.8 eV corresponds to carbonyl π*CO of CONH 2 , based on the trends in carbonyl core (CO) π* transitions, as a function of electronegativity of the chemical environment, as reported by Urquhart and Ade. 45 An intense peak at 289.2 eV, which is clearly present in the aminated surface and absent in the cellulose sample, is assigned to σ* CNH transition, and the broad shoulder at 299.2 is assigned to 1s to σ* C−N of carbon in −CONH. 39 The broad nature of the transition to σ* symmetry is due to the fact that excitation is close to continuum. Sharp π* transitions and the broad σ* transition are mainly due to the lifetime broadening, i.e., the lifetime of the final excited state. 37 Solomon et al., 46 in their solid-state C 1s NEXAFS study of carbohydrates, amino sugars, and aromatic alcohols, assigned the peaks between 289.3 eV and 289.5 eV to C 1s−3p/ sigma*C−H Rydberg mixed-valence transitions and reasoned that such transitions are earlier reported for primary alcohols and hydroxylated aliphatic carbon in the same region. 47, 48 Kaznacheyev et al. 49 in their NEXAFS study of amino acids reported the absence of Rydberg transition and also assigned the peak at 289.4 eV to σ* CNH transition. Based on this and an investigation of the literature on Rydberg transitions (see the Supporting Information), we assign the strong high intense peak at 289.2 eV in amine-functionalized paper to σ* CNH transition and also include the possibility of overlapping with C 1s−3p/sigma*C−H Rydberg mixed valence transitions. For both the untreated and treated paper samples, two strong peaks at ∼290.1 and 292.5 eV are assigned to C−H resonance and C−C σ* transitions. 40, 41, 50 The shoulder peak at 288.2 eV in cellulose probably corresponds to excitations into orbitals of dominantly Rydberg character. 51 The peak at 284.8 eV could possibly be due to C−H bond breakage by the X-ray beam and the formation of CC bonds. The beam damage of organic molecules and formation of C C unsaturation has been reported; 33, 52 for example, Graf et al. observed the formation of CC and CN(imine) and C N(nitrile) groups in liquid-phase-deposited amino silane due to beam damage. 43 However, the intensity of the 285.9 eV peak in cellulose is rather high and it is highly unlikely to be solely caused by beam damage, in particular, given the limited X-ray intensity used in our experiment. The cellulose paper substrate was purchased from Sigma−Aldrich and used without additional treatment. Since no data sheets were provided on the exact composition or processing steps, we assume that unsaturated hydrocarbons are present in the cellulose paper due to the manufacturing process. Further studies with welldefined cellulose paper are planned for the future. The N 1s core-level photo emission (XPS) spectra in Figure  4a exhibits a double peak: one centered at ∼399.9 eV and another at ∼400.8 eV, corresponding to the binding energy levels of aliphatic amine groups, which is in close agreement with self-assembled monolayer of amino silane films. 27 The 399.9 eV corresponds to free amine and 400.9 eV corresponds to amine groups hydrogen-bonded to neighboring groups in the film. These peak attributions are made based on the literature on XPS analysis of aminosilane coatings. 53−55 A peak at 940 cm −1 in the FTIR spectra shows the presence of silanol (Si−OH groups) in the film. Since it is a plasma-polymerized film deposited using amino silane, the silanol group could be present throughout the film and oriented randomly. Hydrogen bonding between the free amine group in the film and the neighboring silanols groups results in increased binding energy and, hence, a peak at higher energy (400.8 eV, compared to 399.9 eV for free amines). 53 A shoulder peak observed at ∼399 eV can probably be associated with an imine group, but, as reported by Harder et al., 53 imine and free amine are expected to overlap in XPS.
The N K-edge NEXAFS spectra Figure 4b shows distinct features with three sharp absorption peaks at 399.3, 401.9, and 405.9 eV. Small shoulders appear at 400.6 and 404.8 eV and two broad peaks are found at ∼408.9 and 411 eV. As Stohr et al. 50, 56, 57 have shown, there is a near linear relationship between σ* transition energies and bond lengths to atoms adjacent to the core excited atom, the so-called "bond-length with a ruler"; for example, the shorter length of the partially conjugated amide C−N bond gives rise to a shift to higher transition energy for σ* CONH, compared to σ* C−NH 2 . 58 This can be used to associate the N 1s → σ* resonances in the NEXAFS spectrum with the main functional groups, i.e., free amine (405.9 eV, C−NH 2 ) hydrogen-bonded amine (408.9 eV, C− NH), and amide (411 eV, CONH). These peak assignments are in agreement with NEXAFS studies of peptides and amides by Ishii and Hitchcock, 59 Gordon et al., 58 and Hitchcock et al. 60 Shard et al. 61 assigned a broad peak at ∼411 eV to CN transitions that overlap with amide (CONH). The shoulder centered at ∼404.8 eV probably corresponds to mild oxidation of nitrogen and the formation of nitro compounds. 62 The intense peaks in lower energy level at 399.3 and 401.9 eV are assigned to CN π* and CONH π* transitions, respectively. These peak assignments are in agreement with the observations of Hitchcock et al. on N 1s edge NEXAFS studies of polyacrylonitrile polymers and peptides, 63 Gordon et al. on solid-state peptides, 58 and Zhu et al. 64 on aliphatic amines. Shard et al. 61 have assigned 401.3 eV peak to σ* N−H resonance. (See the Supporting Information.)
In summary, based on the spectroscopy characterization, the presence of free amine, hydrogen-bonded amine, and amide is evident from XPS C 1s core-level photoemission spectrum and FTIR spectrum, in agreement with the C 1s NEXAFS analysis. The C 1s and N 1s NEXAFS spectra show the presence of sp 2 hybridized states, confirming the formation of doubly bonded C, N, and O in the aminated surface. This is probably caused by electron-, ion-, and/or free-radical-initiated fragmentation and cross-linking of the plasma-polymerized films. We find that the bonding environment is more unambiguously probed in NEXAFS than the XPS. The assigned C 1s and N 1s NEXAFS resonances are summarized in Tables 1 and 2 .
DNA Hybridization Results. DNA hybridization was carried out on a cellulose paper sensor surface treated with amine functionalization. The amine-functionalized ssDNA (probe) is covalently immobilized on the amine-functionalized paper sensor using glutaraldehyde cross-linker. The immobilized ssDNA is then imaged using a fluorescence scanner. The complementary DNA is then dropcast and the DNA hybridization is allowed to proceed, and the samples are scanned using the fluorescence scanner to detect the Cy5 fluorescence. As seen in Figure 5 , the amine-functionalized paper shows a very large fluorescence intensity with saturation level. Varying the concentration level of the target DNA from 10 μM down to 10 nM results in a decrease in fluorescence intensity ( Figure  5a ). Three different surfaces were considered to test the nonspecific binding: amine-functionalized paper, PEG-like functionalized paper, and untreated paper. The PEG-like functionalization exhibits the least nonspecific binding followed by the untreated paper, with the amine-functionalized paper finishing last (see Figure 5b) . Several mechanisms had been proposed for the protein-resistant nature of the PEG-like films including steric stabilization, water barrier theory, thermodynamic approach, etc. 65, 66 Protein interaction on PEG-like coatings has been discussed by Menzies et al. 65 The details on such mechanisms are beyond the scope of this work, but the plasma processing parameters must be tailored here to deposit high-quality, biorepellant, PEG-like coatings. A comparatively higher nonspecific binding on aminefunctionalized paper than on the untreated paper is likely due to the positively charged nature of the aminated surface. The DNA backbone, being negatively charged, could be expected to show higher nonspecific binding to the positively charged aminated surface than the untreated surface. However, the fluorescence intensity corresponding to specific binding on the amine-functionalized surface is significantly higher than the nonspecific binding, which demonstrates the usefulness of plasma functionalization of the paper sensors for DNA detection.
Metal nanostructures could enhance the analytical performance either through surface plasmon-enhanced coupling in fluorescence-based detection or through localized surface plasmon resonance-based label-free detection. Here, we demonstrate that aerosol-assisted atmospheric plasma deposition could be used to incorporate metal nanostructures in cellulose paper sensors using a completely dry process. Figures  6a and 6b respectively show the XPS data and SEM image of gold nanoparticles on paper. Cellulose paper substrates with and without PEG-like functionalization were coated with gold nanoparticles in order to study the efficacy of the atmosphericpressure plasma process to incorporate plasmonic nanostructures. Amine-functionalized ssDNA containing Cy3 fluorophore is then dropcast onto both types of substrates with and without gold nanoparticles. The amine functionalities are known to have affinity toward gold nanostructures and the oligos are immobilized on the paper sensors containing gold nanoparticles. Fluorescence measurement in Figure 7 shows that the fluorescence intensity is higher in the case of samples containing gold nanoparticles. It is evident, from Figure 6b , that the density of gold nanoparticles on the paper sensors is low. Unlike the amine functionalization, the density of packing of nanomaterials is dependent on several factors, including deposition time, plasma process parameters, distance between the electrode and the substrate, and, more importantly, the concentration of the nanomaterials in the colloidal solution. It is essential to have a high concentration of the nanomaterials in the colloid in order to get a high density of packing. The large error bar in Figure 7 is likely due to the low density of gold nanoparticles on the cellulose.
The ability to create hydrophilic and hydrophobic regions on paper, combined with site-selective surface functionalization and incorporation of plasmonic nanostructures demonstrated here, opens up a range of capabilities and applications in biomedical diagnostics. Further functionalization strategies, such as those of carboxylic, fluorinated, aldehyde, etc., could be adopted, depending on the type of primary antibody or the probe for capturing the ligand in the bioassay. The deposition system presented here could be modified for depositing multiple materials, either simultaneously or sequentially using multiple jets. Each capillary could be connected to either a reservoir containing single precursor material or to multiple reservoirs containing different precursor materials to facilitate multiple depositions. The multijet plasma system can be automated and controlled individually to precisely control the surface characteristics. We have shown that the high-speed, room-temperature, stable, reliable, and solventless plasma polymerization process can help to develop low-cost and highly sensitive biosensor platforms with the potential to replace the wet-chemistry-prepared coatings currently used.
■ CONCLUSION
Efficient incorporation of bioreactive and biofouling organic functionalities and metal nanostructures for signal amplification in the cellulose fiber network has been demonstrated for the low-cost fabrication of paper sensors. Fluorescence detection of DNA hybdridization on plasma-processed aminated paper, significant reduction of nonspecific binding on PEG functionalized paper, and incorporation of plasmonic nanostructures demonstrated here show the applicability of the paper sensors for DNA detection. A thorough characterization of the surfaces using FTIR, XPS, and NEXAFS provided details about the chemical environment of the functionalized cellulose. Unlike the amino silane precursor, the presence of significant amount of sp 2 hybridized carbon and nitrogen, in addition to sp 3 hybridized amine, demonstrates the extent to which dehydrogenation and formation of multiple bonds could be caused by the fragmentation and cross-linking in the plasma-polymerized film. Although the results presented in this work demonstrate an efficient, reliable, and reproducible fabrication of disposable paper sensor chips, further research is needed to address several interesting questions on plasma diagnostics and electrical characteristics of the aerosol-assisted plasma setup. Since the emerging industry focus is on the efficient fabrication of singleuse chips that do not require manipulation of solutions, we believe that the present approach lends itself to rapid, costeffective, and high-volume manufacturing of biosensor chips in a single process. 
